ABSTRACT In this paper, we proposed a mathematical model of a mid-water trawl system. The model consisted of towing warps, otter boards, a trawl net, and other rigging components. The warp and the net were modeled with the lumped mass method. The otter board was modeled in 6 degrees of freedom, and the variation in the otter board's hydrodynamic parameters with different yaws, pitches, and roll angles was also considered. We used a first-order approximation to simplify the relationship between the otter board's hydrodynamic parameters and its working angle, and the coefficients included in the otter board model were then estimated using the sea trail data. With this approach, the movement of the otter board was simulated, and its influence on the trawl gear performance was analyzed. The final results of the door depth and the door spread with warp lengths from 200 to 900 m showed good agreements with the sea trail data, and the mean normalized absolute error between the simulation and the measurement was approximately 5%.
I. INTRODUCTION
Fish trawling is one of the most important fishing methods in the world. It has accounted for more than 40% of the world's fish catches since the 1950s; thus, it is of great importance to the animal protein supply upon which people depend for a living. A typical trawl system consists of a trawler, warps, otter boards, bridles, a trawl net and other rigging components such as floats and sinkers (Fig.1) . The warps connect the trawler and the otter boards, and the upper/lower bridles connect the otter board to the upper/lower wing of the trawl net on each side. The otter board usually provides several optional fastening points for warps and bridles, so it can be adjusted on board to adapt to different fishing conditions. Different fastening points will result in different working angles when the otter boards are towed in the water, thus exerting different hydrodynamic forces on the otter boards and changing the net geometry and position in the water; therefore, it is very important to understand the movement of otter boards during the fishing process to obtain a better prediction of the midwater trawl system's overall performance. Much research has been done on the dynamic simulation and geometric prediction of trawl systems. Rigid bars were first used to model the submerged supple nets by Bessonneau and Marichal [1] , and the dynamics of trawling were successfully predicted. Park [2] used elliptical and exponential functions to model the geometry of a mid-water trawling system and to successfully estimate the gear shape using field data. The attack angle of the otter board was also estimated based on its relationship with the otter board's moment coefficient. A simplified model was established to predict the configuration of a bottom trawl system [3] , and the model also provided information on otter boards such as the horizontal spread and the attack angle. Ji et al. [4] and Yao et al. [5] built a physically based model of a trawl net which was composed of a network of masses and springs, and Sun et al. [6] developed a mathematical model of singleboat, mid-water trawl system for training purposes, and in the mathematical model, the trawler was modeled in detail. Furthermore, the tracking control of a mid-water trawl system is very important, and several control strategies were adopted to regulate the trajectory of the trawl net for the target fish shooting [7] - [11] , and a nonlinear robust control strategy should be adopted for the control of the trawl system that considers the underwater disturbance and time-delay [12] - [17] .
Otter boards are the key components of trawl system; they are used to keep nets horizontally open, and they are also used to obtain a wanted net depth in mid-water trawling. Since they are very important to fishing gear maneuverability as well as fishing efficiency, the design and hydrodynamic analysis of otter boards has become a frequent research topic in recent years. Reite and Sorensen [18] proposed a nonlinear, state-space model of the hydrodynamic force on a multifoil otter board; the model consists of both steady-state and unsteady hydrodynamic coefficients. Mellibovsky et al. [19] conducted a wind tunnel test and obtained six hydrodynamic coefficients of a pelagic otter board, and the test results were compared with flume tank results for the same design. Shen et al. [20] investigated the hydrodynamic characteristics of a hyper-lift trawl door using flume experiments. The state-of-art CFD method is also employed in otter board design [21] and optimization [22] .
Although the otter board is very important, most of the research dealing with trawl gear simulation did not take its behavior into account. The otter board was usually simplified as a mass point, and its working angle as well as hydrodynamic coefficients were considered as constant during the fishing process [1] , [6] , [24] . In this paper, we propose a mathematical model of a mid-water trawl system and a full degree of freedom otter board model is included. Linear functions are used to represent the relationship between the otter board's hydrodynamic coefficients and its orientation angles. The coefficients of the linear functions are estimated based on sea trail data. Simulation is conducted to investigate the performance of trawl system considering 6-DOF otter board model, which is then verified through sea trial data.
II. MATHEMATIC MODEL AND NUMERICAL METHODS

A. MATHEMATIC MODEL OF AN OTTER BOARD 1) OTTER BOARD MODEL DEFINITION AND REFERENCE FRAMES
In this paper, the warp, bridles and other ropes are connected to the otter board vertexes. Three different frames are used in this paper to sufficiently analyze the otter board's hydrodynamic behavior.
(1) The earth frame. This frame is defined as {E; x e , y e , z e }. This is a right-hand frame, and the origin E can be placed on any point in the horizontal plane; the axes x e and y e are in the horizontal plane and perpendicular with each other; the axis z e is perpendicular to the horizontal plane and opposite to gravity direction. In this reference frame, the interactions between warps, bridles and otter boards are calculated.
(2) The model frames. These frames are defined as {O m ; x m , y m , z m } and {O' m ; x' m , y' m , z' m } for starboard and port otter boards, respectively. These frames are in a mirror relationship, so we only provide the definition of the starboard model frame {O m ; x m , y m , z m }. The starboard model frame is a left-hand frame, and the origin O m is placed on the otter board's center of gravity; the axes x m and z m are in the same plane with the otter board model, the axis x m points in the direction of the front of the model, the axis z m points in the upward direction from the model, and the direction of y m can then be ascertained by the left-hand law. 
2) OTTER BOARD ORIENTATION ANGLES
The otter board's orientation angles can be calculated using the relative water velocity in the otter board frames:
(1)
where α and β are the attack angle and slip angle, respectively. The superscript denotes the relative velocity of water (w) in relation to the otter board (b), and the subscripts denote the reference frame and the axis. The relative velocity of water in relation to the otter board in the otter board frame can be represented as follows: where n b,i e is the direction vector of axis i of the trawl door frame in the earth frame; u wb e is the relative velocity vector of water in relation to the otter board in the earth frame, which can be given by: 
The relation between the otter board frame and the model frame can be described by a transformation matrix with TaitBryan angles [19] :
In the transformation matrix, s and c represent sine and cosine, respectively, and ϕ, θ and ψ are the yaw, pitch and roll angle, respectively. It is notable that the Tait-Bryan angles of the starboard and port frames are different, and their relationship can be written as:
The subscript of the Tait-Bryan angle denotes whether it is in a starboard frame (r) or a port frame (l).
The axes direction vectors of the model frames in the earth frame can be derived as follows:
where k d = 1 when used in a starboard frame, and k d = −1 when used in a port frame; l AC and l BC are the length vectors of the otter board model's edges, and they can be represented by the spatial coordinates of the otter board model's vertexes in the earth frame, for example:
The axes direction vectors of the otter board frames in the earth frame can then be calculated by the axes direction vectors of the model frames and the transformation matrix:
Substituting Eq. (4) and Eq. (11) into Eq. (3), we obtain the relative velocity of the water in relation to the otter board in the otter board frame, following which the otter board orientation angles can be calculated by Eq. (1) and Eq. (2).
3) HYDRODYNAMIC FORCES AND THE MOMENT OF THE OTTER BOARD
Six hydrodynamic coefficients are used to describe the forces and moments exerted on the otter board in the otter board frames:
where C F i and C M i are hydrodynamic and moment coefficients, ρ is the fluid density, S o is the project area of the otter board, and u is the relative water velocity. d i is the relevant lever length of the moment components, which can be represented by the span b and chord length l of the otter board ( Fig. 3) :
The six hydrodynamic coefficients of the otter board are in complicated relationships with the otter board orientation angles. In this article, we simplified them into a linear relationship with the attack angle or the slip angle based on the VOLUME 6, 2018 experimental results by [18] , [19] :
where a i , b i and c i are constant parameters which can be determined by experiments.
4) DYNAMICS OF THE OTTER BOARD
In the dynamics analysis of the otter board, we neglected the Coriolis force because of the low speed of the trawl system. The otter board equation of motion can be given as
where
T is the linear and angular velocity of the otter board in the otter board frame, and
T is the total external force and moment exerted on the otter board; M b is the inertia matrix of the otter board, and because we placed O m on the otter board model's center of gravity, M b can be specified as:
where m ob is the mass of the otter board; I x , I y and I z are the moments of inertia about x b , y b and z b ; I xy , I yx , I xz , I zx , I yz and I zy are the products of inertia and I xy = I yx , I xz = I zx , I yz = I zy . The external force τ b exerted on the otter board contains the hydrodynamic force τ h b , the tension force of the warp and bridles τ l b , and the gravity and buoyancy τ GB b . The generalized force from the warp and bridles can be given as:
where P b is the position vector of the fastening point of the warp or bridles in the otter board frame, f e is the tension force vector of the warp or bridles in the earth frame, and the superscripts of P b and f e denote the warp (w p ), lower bridle (l b ) and upper bridle (u b ); R b e is the transformation matrix from the earth frame to the otter board frame, and it can be represented by the axes direction vectors of the model frames which are calculated by Eq. (11):
The generalized force from gravity and buoyancy can be written as
e g e 0 3×1 (19) where V ob is the volume of the otter board; and ρ is the fluid density; and g e is the gravity vector in the earth frame. Because we put the origin of the otter board frame on the center of gravity, the gravity and buoyancy will not induce any moment.
B. MATHEMATIC MODEL OF THE TRAWL
There are various methods for modeling the trawl net, including the lumped mass method, the rigid bar method and the finite element method. In this paper, the lumped mass method was adopted to describe the dynamics of the trawl net. The trawl net was first discretized into a large number of units according to the trawl mesh structure, and each discrete element was simplified as a mass-spring-damper model. A trawl knot can be regarded as a sphere element with mass, and the trawl mesh bar can be assumed to be a spring element with mass distributed on the trawl knot.
1) TENSION FORCES ON THE ROPES
Tension force T acting on the trawl mesh bar is composed of the elastic force T e and the damping force T c . T e is assumed to be a zero force when the actual length is less than the initial length; T c changes proportionally with the length's expansion rate. These forces can be written as:
where E and A are the modulus and cross-sectional area of the ropes, respectively; l 0 is the initial length of the ropes; r is the length vector along the mesh bar; c l is the inner damping coefficient of the ropes; and v is the relative velocity vector between the two ends of a rope.
2) HYDRODYNAMIC FORCES ON TRAWL KNOTS
The trawl knot can be assumed to be a sphere, and the hydrodynamic force on the knots can be given by:
where C D is the drag coefficient of the knot, S k is the project area of the knot, and v is the relative velocity vector.
3) HYDRODYNAMICS ON TRAWL MESH BARS
The hydrodynamic force on a rope can be divided into the drag force F p and the viscous force F f . F p is located in the plane composed of u mw and the rope's direction, while F f is along the rope's direction and has an angle with the 68432 VOLUME 6, 2018
velocity vector u mw . The hydrodynamic forces F p and F f can be expressed as [23] : (24) where C N 90 is the resistance coefficient; C f is the viscous friction coefficient; α is the attack angle of the mesh bar; S N and S f are the project area and the wet area of the cylinder, respectively, with S N = dl, S f = π dl; d and l are the diameter and length of the rope. n p and n f are the direction vectors of F p and F f .
4) DYNAMIC EQUATION
According to an analysis of the forces acting on the trawl net, the dynamic formula can be expressed as:
where a, m, and m are acceleration vector, real mass and added mass of the trawl net elements such as knots, mesh bars and ropes. T, H and W are the rope tension, the hydrodynamic force and the weight in water, respectively. The added mass of the mesh bar can be obtained by:
where C mt , C mn and C mb are the added mass coefficients in the direction of t, n and b, respectively. V r is the volume of the mass points. The added mass of the trawl knot unit can be written as: (27) where V k is the volume of the knot, and C m is the added mass coefficient. The weight in fluid of the unit can be given by:
where g is the gravity acceleration vector, and V is the volume of the components including knots, warps and mesh bars.
C. MATHEMATIC MODEL OF A CANVAS KITE 1) DYNAMIC EQUATION
Canvas is a flexible spreading device to maintain the vertical opening of the trawl mouth that can provide a larger lift force and less weight compared with the floaters. For simplification, this paper only considers the spatial translation and pitching motion of the canvas, and the dynamic equation for the canvas kite can be given by:
where m o is the mass of the canvas, m o is the added mass, a c is the acceleration vector, T c is the tension forces of the ropes acting on the canvas, W c is the weightless buoyancy of the canvas, and H c is the force exerted on the canvas by the fluid.
2) FORCES ACTING ON THE CANVAS
As the rotary inertia of flexible canvas is quite small, we assume the attack angle of the canvas is decided by the positions of the connecting mesh bars. The hydrodynamic forces acting on the canvas can be obtained by the following equations [24] :
where ρ is the fluid density; S c is the area of the canvas kite; u is the current velocity vector; n g is gravity direction vector;C cL (a c ) and C cD (a c ) are the lift and drag coefficients of the canvas; a c is the attack angle with a c = β c η c ; and β c is the pitching angle, which is determined by the outline and the installation rope. The pitching angle β c can be written as:
where x i and x j are the x-direction coordinates of the mesh mass elements connected by the lifting canvas, and y i and y j are the y-direction coordinates of the mesh mass elements connected by the lifting canvas. The motion angle η c of the canvas can be written as:
where v cx and v cx are the canvas speeds in the x and y directions, respectively. The tension forces T c acting on the canvas kite is the resultant force of the rope acting on the canvas, which can be obtained by Eq. (20) ∼ Eq. (21) .
The weight in fluid of the canvas kite is as follows:
where m c and v c are the mass and volume of the canvas, respectively, and g is the gravity acceleration vector.
III. PARAMETER ESTIMATION OF THE OTTER BOARD A. DESCRIPTION OF THE PARAMETER ESTIMATION
Otter boards are spatially curved structures with complex shapes, and the hydrodynamic coefficients are difficult to derive theoretically. Therefore, the hydrodynamic characteristics of the otter board are generally analyzed using the CFD method [22] , [25] - [27] and the experimental method [18] , [19] . However, both methods derive the hydrodynamic (moment) coefficient of the otter board by directly measuring the force acting on the otter board. Obviously, although the two methods are accurate and direct, they also have the disadvantages of large workloads and complicated data processing. Therefore, these two methods are primarily used for the design and optimization of the otter board. For the otter boards that have been put into practical ship applications, it is unrealistic to use these two methods to determine the hydrodynamic coefficients.
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As mentioned above, the otter board is an important component of the trawl system, and its hydrodynamic characteristics directly determine the position and attitude of the net under water. Therefore, based on the sea test results of the net tool, the 6-DOF hydrodynamic (moment) coefficients of the otter board are determined by the parameter identification method. The calculation results are compared with previous experimental results, and the rationality of the otter board model and its parameter identification is demonstrated.
B. PARAMETER ESTIMATION ALGORITHM
The parameter identification problem for an otter board can be equivalently converted into an optimization problem:
where f (x) is the objective function. The optimization goal in this paper is that the sum of the absolute values of the deviation between the simulated data and the test data at different warp lengths and towed speeds is a minimum; therefore, f (x) can be written as: where Ds, Dd, W t, and N d represent the horizontal expansion of the otter board, the depth of the otter board, the tension of the otter board and the depth data of the mesh, respectively, the subscripts indicate the experimental value (exp) or the simulated value (sim), and the superscripts indicate the data group. Since the variation range of each simulation result is different, the absolute value of the deviation between each simulation and test result is multiplied by a weighting coefficient λ, λ ∈(0, 1), which is used to adjust each simulation result to the otter board; this value is the parameter identification effect.
In Eq. (34), x is an optimization parameter vector; the primary unknown parameters in the mesh model of this paper are the six hydrodynamic (moment) coefficients of the otter board. According to the results of [18] and [19] , each hydrodynamic (moment) coefficient can be approximated as a linear function of the otter board attack angle α or the slip angle β, as is shown in Eq. (37). Therefore, in this paper, we select the coefficients of the six hydrodynamic (moment) coefficient fitting functions of the otter board as the variables to be identified; that is, x can be expressed as: c 1 , a 2 , c 2 , b 3 , c 3 , a 4 , c 4 , b 5 , c 5 , a 6 , c 6 )
Given a set of initial values of the parameters of the otter board to be identified, by simulating the net model, the deviation between the simulated steady state and the experimental results is obtained, and the optimized objective function value can be calculated by Eq. (35). By changing the value of the otter board parameter vector x by a certain law, comparing the objective function values under the different x, and continuously optimizing x to minimize the objective function value, the identification result of the otter board parameters can be obtained.
IV. RESULTS AND DISCUSSION
A. EXPERIMENTAL SETUP
A sea-trial verification was conducted to verify the accuracy of the proposed mathematical model of the trawl system in the Southwest Pacific Ocean [28] . Table 1 .
Using the instruments mounted on the ship, it is possible to obtain some parameters of the trawl system. To observe the states of the trawl winch, measurements of the warp length l w and tension T w are taken with the transducers mounted on the trawl winch and recorded automatically on a computer. Trawl sonar is used to measure the vertical position of the trawl net, height and horizontal spread of the trawl mouth. The sonar is mounted at the center of the headrope, and the image of the trawl mouth can be recorded. Auto pilot is used for the automatic control of the heading course through the manipulation of the rudder. The Autotrawl system developed by Scantrol is adopted for the control of the warps through the automatic adjustment of the trawl winches. For catching the fish schools, color scanning sonar and an echo sounder are used to obtain the position information of the targeted fish horizontally and vertically, respectively.
B. PARAMETER ESTIMATION RESULTS
The parameter estimation results of a 1 ∼ c 6 can be seen in bellow: FIGURE 4. This figure shows the curve of the parameter estimation object function with the iteration cycle. Fig. 4 shows the variation curve of the objective function value during the parameter identification iterations. The abscissa is the iteration period, and the parameters of a 1 to c 6 are all calculated as one iteration period. It can be seen from the figure that through the parameter iteration, the value of the objective function becomes approximately 1/3 of the first, indicating that the estimation parameters of the otter board are more consistent with the sea test data than the initial values, and the validity of the parameter identification algorithm designed in this paper is verified.
It can also be seen from Fig. 4 that the objective function value decreases rapidly in the initial stage of the parameter identification, and the whole changes in the form of a negative exponential function. In the calculation process, especially in the initial stage of calculation, the objective function value shows a relatively obvious step form change, which is primarily due to the inconsistent influence of the parameters of the otter board hydrodynamic coefficient functions participating in the iteration of the objective function.
The lift coefficient C l and the drag coefficient C d are the two most important hydrodynamic coefficients of the otter board. Fig. 5 shows the lift and drag coefficients identified by the sea trial data in this paper compared with the otter board model test data of [18] and [19] . It can be seen that the lift and drag coefficients of the otter board and the hydrodynamic coefficients obtained by the otter board test are consistent within the range of 0 ∼ 30 • of the otter board angle. The lift and drag coefficients of the otter board are all increasing functions of the angle of attack. However, the maximum deviation of the drag coefficient appears when the angle of attack α is approximately 30 • , and the maximum deviation is approximately 0.1. The lift coefficient is larger when the angle of attack is small, but the slope of the lift coefficient relative to the angle of attack is smaller than the model test result. The otter board lift coefficient is in good agreement with the experimental data in the attack angle range of 15 ∼ 30 • , and the maximum deviation is also approximately 0.1. Since the underwater current disturbance on the otter board is difficult to observe, this may lead to deviation in parameter identification. Fig. 6 shows the curve of the working angle of the otter board as a function of the warp length. In the figure, δ is the inclination angle of the otter board which can be defined as:
C. TRAWL SYSTEM SIMULATION RESULTS
1) OTTER BOARD'S WORKING ANGLE INFLUENCE
where n b,z e is the direction vector of the z b axis of the otter board coordinate system in the ship coordinate system, and x b,z e , y b,z e , z b,z e is the component in the direction of the ship coordinate system x e , y e , z e axis.
2) OTTER BOARD'S INSTALLATION ANGLE INFLUENCE
To assist the user in adjusting the performance of the otter board, a plurality of holes is located on the otter board for fixing the warp and the hand rope. When the warp and the VOLUME 6, 2018 hand rope are installed in different fixing holes (Fig. 2) , different performances are exhibited. In this section, we will analyze the influence of different installation angles of the otter board on the performance of the mid-water trawl system.
When different are used to install the ropes on the otter board, it can be considered that the otter board coordinates rotate around the x m , y m , and z m axes of the model coordinate by a certain angle. It is assumed that the model coordinate rotates ε, ζ , and η angles around its z m , y m , x m axes, respectively, and can coincide with the otter board coordinate system. The ε, ζ , and η angles can be approximated to the variation of the attack angle, the slip angle and the elevation angle of the otter board, respectively. In this paper, the variation angle is chosen to be 5 • to study the influence of different otter board mounting angles on the performance of the net. The chosen angle of 5 • is generally large enough for the variation of otter board mounting angles.
The simulation results of the mid-water trawl under different otter board installation angles are shown in Fig. 7 ∼ Fig. 12 . It can be seen that the ζ angle has little effect on the simulation results, indicating that the adjustment around the y m axis is less effective. When using different installation angles, the otter board expansion (Fig. 7) and the vertical expansion of the trawl mouth (Fig. 9 ) are all between 5% and 10%, and the two have a trade-off relationship. The tendency of the warp tension (Fig. 10) varies with the installation angle and is similar to the otter board expansion ( Fig. 7) , since the changes in these two values are directly related to the lift change of the otter board.
It can be seen from Fig. 11 that an increase in the ε angle will lead to an increase in the angle of attack α and the inclination δ of the otter board, and the increases in α and δ are above 5 • , which is caused by the increase in the angle of attack α. The increase in the hydrodynamic C M x , in turn causes an increase in δ.
As seen in Fig. 12 , the increase in the η angle will result in a decrease in the attack angle α and an increase in the inclination angle δ, but the changes in both are not large, because the decrease in α reduces the C M x , and thus the change in the inclination δ is weakened. It can be seen from the above analysis that an increase in the ε angle causes an increase in the attack angle α and the inclination angle δ, and both the change in α and the change in δ cause an increase in the hydrodynamic force in the vertical direction. Therefore, the otter board depth (Fig. 8) is strongly affected by the change in the ε angle. When the ε angle is increased by 5 • , the depth of the otter board is reduced by approximately 30%. Fig. 13 ∼ Fig. 16 show the mid-water trawl comparison between the sea trial and the simulation results including both the 6-DOF and the 3-DOF otter board models. The primary parameters of the 6-DOF model can be found from Eq. (37), and the lift and drag coefficients of the 3-DOF model are obtained by Chen et al. [24] , in which α and β are the average values.
D. SEA-TRIAL VERIFICATION
It can be seen from the figures that the simulation results for the 6-DOF otter board model are very close to the results of the sea trial. The simulation errors of the otter board expansion, otter board depth, mesh depth and warp tension are 4.8%, 4.5%, 7.4% and 2.6%, respectively, indicating that the 6-DOF otter board model established in this paper predicts the performance of the trawl net very well.
As seen in Fig. 13 and Fig. 16 , the otter board expansion and the warp tension results of the 6-DOF and 3-DOF models are close. The otter board expansion of the 6-DOF model increases slightly faster than that of the 3-DOF model with an increase in warp length (Fig. 13) . This is because the increase in α leads to a lift increase in the otter board.
However, the trawl depth and otter board's depth changes with the increase in warp length for the 3-DOF model are significantly faster than those for the 6-DOF model (Fig. 14,  Fig. 15 ). This is primarily due to the increase in inclination angle δ with the increase in warp length, which enables the larger lift force in the vertical direction. When the warp length varies from 200 m to 900 m, the error between the 3-DOF otter board model and the sea test result is approximately 25%, which is much larger than the approximately 5% error in the results with the 6-DOF otter board model. This finding indicates that when the range of the warp length is large, the performance of the trawl net can be calculated more accurately by using the 6-DOF otter board model.
The warp tension can be regarded as a combined force of the horizontal resistance, gravity and the lift force of the trawl. Since the force in the vertical direction in the 6-DOF otter board model is small compared with that in the 3-DOF otter board model, the total tension in the drawing is also small as in Fig. 16 .
V. CONCLUSION
In this paper, a mathematical model of a mid-water trawl system including the towed warp, the trawl net, the otter board and other rigging components was established. The otter board was considered as a 6-DOF model, and the variation of the otter board's hydrodynamic parameters with different yaws, pitches and roll angles was also considered. A firstorder approximation was adopted to simplify the relationship between the otter board's hydrodynamic parameters and its working angle, and the coefficients included in the otter board model were then estimated by sea trail data. The influence of the otter board configuration on the performance of the mid-water trawl was analyzed with the simulation results, and a sea-trial was conducted to verify the effectiveness of the proposed mathematical model. The final results of the door depth and the door spread with warp lengths from 200 m ∼ 900 m showed good agreements with the sea trail data, and the mean normalized absolute error between the simulation and the measurement was approximately 5%.
